Ti cluster assemblies have been prepared by a plasma-gas-condensation cluster deposition system, where the Ar gas flow rate (R Ar ) was fixed and the He gas flow rate (R He ) was varied. The microstructure of Ti clusters has been observed by a transmission electron microscope (TEM). The mean Ti cluster size, d m , decreases with increasing R He . Ti clusters are hexagonal close-packed (hcp) for d m > 15 nm, while they are face-centered cubic (fcc) for d m < 15 nm. The critical cluster size between the fcc and hcp phases is much larger than the theoretically predicted value and that (5-7 nm) for mechanically milled Ti powders. The fcc phase formation is attributed to the negative internal pressure in small Ti clusters. Moreover, Ti cluster assemblies have been prepared via the above-mentioned procedures with slight introduction of oxygen gas in the deposition chamber, and investigated by high resolution TEM, electron diffraction, and optical transmittance measurements. No clear core-shell morphology is observed in the partially oxidized Ti cluster assemblies.
Introduction
Assembling of nanometer sized clusters is a vital method to fabricate nanoscale structure-controlled materials, and optimizations of their structure, concentration, stability as well as suitable accumulations are demanded because their sizes correspond to the elemental units of material functions. 1, 2) For this purpose, we have developed a plasma-gascondensation cluster deposition (PGCCD) system depicted in Fig. 1 . [3] [4] [5] It is composed of three main parts: a sputtering chamber, a growth room and a deposition chamber. Using this system, we could prepare size-monodisperse Co clusters whose mean diameter, d m , ranged between 5 and 15 nm with the standard deviation less than 10% of d m . With increasing the cluster deposition time, geometrical and electrical network formations were observed and discussed in terms of a percolation 6) as well as a transition from the superparamagnetic to ferromagnetic states in these assemblies. 7) In Co clusters prepared by slightly introducing oxygen gas into the deposition chamber of the PGCCD system and controlling the oxygen flow rate (R 0 O 2 ), their surfaces were uniformly oxidized: 8) uniform size Co cores were covered by CoO layers with uniform thickness. The metallic cores were stable against oxidation in ambient atmosphere and their direct contacts were prohibited. In such core-shell type monodispersive Co cluster assemblies, the electrical resistivity and the magnetoresistance were predominated by electron tunneling between the Co cores, 9) and the magnetic relaxation by macroscopic quantum tunneling at low temperatures. 10) These characteristic features were well distinguished from the normal semiconductor conductivity and the classical magnetic relaxation at high temperatures.
Recently we have produced Ti clusters by introducing the oxygen gas into the sputtering chamber of the PGCCD system (R O 2 6 ¼ 0 mol/s), 11) where Ti clusters were more severely oxidized than those prepared by introducing the oxygen gas into the deposition chamber (R 0 O 2 6 ¼ 0 mol/s). With increasing R O 2 , the crystal structures of Ti clusters changed from a face-centered cube, via an NaCl-type to an amorphous and rutile-type mixture, contradicting the fact that there is no fcc phase in the equilibrium phase diagram.
12)
The electrical resistivity was rather low (< 10 3 m m) for R O 2 < 4:8 Â 10 À8 mol/s, while it became about six orders of magnitude larger for R O 2 > 5:6 Â 10 À8 mol/s. Then, the optical transmittance in a visible wavelength range was very low (< 20%) for R O 2 < 7:5 Â 10 À8 mol/s, while it became as high as about 80% for R O 2 ¼ 8:9 Â 10 À8 mol/s.
11)
The high-resolution TEM images of Ti clusters prepared with R O 2 6 ¼ 0 mol/s revealed no wide range lattice fringe and no core-shell morphology in contrast to those of Co clusters prepared with R 0 O 2 6 ¼ 0 mol/s. Polymorphic structures have been observed in transition metal ultrafine particles which were prepared by an inert gas condensation method and discussed in terms of the cluster size, internal pressure, contamination of ambient gases, etc. 13) In this context, we describe the effects of cluster size and oxygen contamination on forming abilities of the fcc phase and core-shell morphology in Ti cluster assemblies, comparing with previous results of Ti clusters prepared with varying R O 2 . Fig. 1 A plasma-gas-condensation cluster deposition system.
Experimental Procedures
In the PGCCD system (see Fig. 1 ), Ti metal vapors were generated from Ti target by dc sputtering. A mixture of argon and helium gases was continuously injected in the sputtering chamber through a nozzle. To control Ti cluster sizes, the argon gas flow rate, R Ar , was fixed at 1:9 Â 10 À4 mol/s and the helium gas flow rate, R He , was varied from 0 to 7:1 Â 10 À4 mol/s, where the total pressure of the sputtering chamber was 1:5 Â 10 3 Pa for R He ¼ 0 mol/s and 6:1 Â 10 3
Pa for R He ¼ 7:1 Â 10 À4 mol/s. In order to study the oxygen contamination effect, oxygen gas was introduced into the deposition chamber from a gas inlet with the flow rate, R Vaporized atoms in the sputtering chamber were decelerated by collisions with a large amount of Ar and He atoms, and were swept to the growth room which was cooled by liquid nitrogen. Ti clusters formed in the growth room were ejected by differential pumping through an aperture, and a part of the cluster beam was intercepted by skimmers and then deposited on a substrate set on a sample holder in the deposition chamber. The thickness monitor was installed behind the substrate and its value was used as a quantity measure of deposited clusters on a given area (about 50 mm 2 ) of the substrate. We also evaluated thicknesses of Ti clusterassembled films by a stylus instrument. It took about 60 s to prepare Ti cluster assemblies whose effective thicknesses were 10-40 nm under different R He and R 0 O 2 . We deposited Ti clusters onto TEM microgrids covered by carbon-coated collodion films which are supported by Cu grids for TEM observations, and quartz glass plates for optical transmittance and thickness measurements. The samples thus obtained were observed with the Hitachi HF-2000 TEM operated at 200 kV. The mean cluster size, d m , was estimated from about two hundreds Ti clusters on the TEM microgrid. Their crystal structures were investigated by selected area electron diffraction (ED) patterns of Ti cluster assemblies deposited on the TEM microgrids. The optical transmittance spectra in the wavelength range between 200 and 800 nm were measured by the ultra violet-visible (UV-VIS) spectrophotometer (Jasco V-570) and calibrated against a bare quartz glass as a reference sample. The sample thicknesses were about 3 nm for TEM observations, about 30 nm for ED measurements, and about 120 nm for optical transmittance measurements. Fig. 2(a) ). For R He ¼ 0 mol/s, d m is 18 nm and the size distribution is rather wide: the standard deviation, ¼ 14% (Fig. 2(a  0 ) ). With increasing R He , the d m value monotonically decreases (see Fig. 4 (a)):
). In these Ti clusters the size-monodispersivity is improved with adding He gas, where ¼ 5:7% for R He ¼ 2:6 Â 10 À4 mol/s (Fig. 2(b  0 ) ). mol/s. In Fig. 3(a) , the ED pattern of the Ti cluster assembly prepared with R He ¼ 0 mol/s displays a set of strong hcp diffraction rings and a weak ring indicated by X (Fig. 3(a) ). The ED pattern for R He ¼ 2:6 Â 10 À4 mol/s displays a set of broad hcp diffraction rings and halo rings (Fig. 3(b) ), indicating presence of very small crystallites. With further increasing R He (¼ 4:1 Â 10 À4 and 7:1 Â 10 À4 mol/s), the ED patterns consist of a set of fcc diffraction rings (Figs. 3(c) and  (d) ). The lattice constant (a) of the fcc phase has been estimated from the ED pattern. Figures 4(a) and (b) show d m and a as a function of R He . As shown in Fig. 4(b) , a ¼ 0:433 nm, being independent of R He and d m . This value is in agreement with the reported values, [14] [15] [16] but much larger than the calculated one (0.406 nm).
17) The lattice spacing estimated from the diffraction ring X is 0.154 nm, being attributable to (220) fcc of the fcc phase with a ¼ 0:433 nm. However, we cannot confirm presence of the fcc phase because (111) fcc and (200) fcc rings are not detected at around the (100) hcp and (002) hcp rings in that specimen. À6 mol/s. In Fig. 5 (a 0 ), there is a set of hcp diffraction rings, but the ring X in Fig. 3(a) is not observed, while a set of fcc diffraction rings exists in Fig. 5(b  0 ) . The a value estimated from the diffraction rings in Fig. 5(b 0 ) is about 0.423 nm and smaller than that of fcc Ti (0.433 nm), being attributable to that of a defective NaCl structure. 18, 19) 
Discussion

Cluster size effect
In the PGCCD system, both d m and the cluster deposition rate increase with increasing R Ar , which is roughly proportional to the partial pressure of Ar gas (P Ar ) in the sputtering chamber. 4) This is ascribed to the promotion of clusternucleation and -growth because the Ti atoms sputtered out of the Ti target increase and the collision probability between them is enhanced. 4, 5) Since clusters nucleate and grow in both the sputtering chamber and the growth room at high R Ar (P Ar ), we choose an appropriate R Ar (P Ar ) value to confine the cluster growth only in the growth room for suppressing the size distribution.
With increasing R He , d m decreases (see Fig. 4(a) ) and the cluster deposition rate increases though the sputtering yield of a He ion is about one order lower than that of an Ar ion. 20) Since the thermal conductivity of helium gas is about one order higher than that of argon gas, 21, 22) helium gas reduces the kinetic energy of Ti atoms more effectively. When the number of Ti cluster nuclei increases and they absorb the Ti atoms, the Ti atom concentration decreases in the growth room and they do not grow further. The viscosity of helium gas is also lower than that of argon gas. 21, 22) The helium gas and the Ti clusters are so effectively extracted from the growth room through the aperture that the cluster deposition rate is increased.
The nonequilibrium fcc phase formation is an interesting aspect in these Ti cluster assemblies. In the equilibrium state of bulk Ti metal, an hcp phase is stable below 1155 K and a bcc phase above 1155 K. 12) Within a simple Debye model of Ti solids, the Debye temperature of the fcc phase is lowest and the energy gain in the entropy term of its Helmholz free energy is smallest among these three phases: an fcc phase is absent. 12, 23) The fcc phase can be stabilized against the hcp and bcc phases, when negative internal pressure is induced in nanometer size crystals as a surface effect. The critical size has been predicted to be d c ¼ 5{7 nm for the phase transition from hcp to fcc. 15, 16) In mechanically milled Ti powders, the significant reduction in the cluster size less than 10 nm is accompanied by negative internal pressure. [14] [15] [16] The resultant increase in the molar volume of Ti lattices leads to a substantial increase of the Gibbs free energy in ultrafine hcp crystals, and thus causes a partial phase change from hcp to fcc, whereas the increase in the stored strain energy enhances the phase transition, leading to the complete fcc phase in well-milled Ti powders.
In present Ti clusters, the fcc phase formation is also attributed to their small sizes. However, d c is roughly estimated to be about 15 nm in Figs. 2 and 3, being two times larger than those estimated in the previous reports. [14] [15] [16] It is difficult to estimate the stored strain energy in the present Ti clusters.
Oxygen contamination effect
The careful structural and chemical analyses have demonstrated that contaminations (oxygen, nitrogen and transition metal impurities) play no crucial role for the fcc phase formation in mechanically milled Ti powders. 14) Although Ti clusters prepared in the PGCCD system (in the high vacuum system with introduction of pure argon and helium gases) are also not severely oxidized, their surfaces are oxidized with introducing oxygen gas into the deposition chamber. They are also oxidized when they are exposed in ambient atmosphere for TEM observations.
In the equilibrium TiO x system, 12, 24) there is a random solid solution of O in hcp Ti for x < 0:33. This is followed by preferential occupancies of certain positions via a high temperature heat treatment leading to the ordered structures: Ti 3 O and Ti 2 O for x < 0:5. With increasing x, there is an "-TaN-type structure for x ¼ 0:68{0:75, while a defective NaCl-type structure which has a cubic symmetry with the equal number of random vacancies in the cation and anion positions for x ¼ 0:68{1:25 at high temperatures and for x ¼ 1:0{1:25 at ordinal temperatures. In order to discuss the oxygen contamination effect, it is worth summarizing the lattice constants of bulk TiO x alloys and oxides 18) in comparison with those of Ti cluster assemblies. The lattice constant, a ¼ 0:424{0:416 nm for x ¼ 0:68{1:25 in bulk NaCl-type TiO x oxides, while a ¼ 0:424 nm in NaCl-type Ti oxide cluster assemblies prepared with R Since the lattice mismatch between the fcc Ti and the defective NaCl-type structure is small, O atoms substitute Ti atom sites in fcc clusters, and fcc and NaCl-type phases coexist in contrast to the bulk equilibrium state. 12, 24) In addition, no diffraction ring allotted to Ti oxide phases is detected in the hcp Ti clusters, suggesting that the atomic fractions of O to Ti are less than those in the fcc Ti clusters. In large Ti clusters, which absorb O atoms at R 0 O 2 6 ¼ 0 mol/s, the hcp phase is formed probably due to its high oxygen solubility.
12) Therefore, core-shell morphology is not observed in the Ti clusters prepared even with introducing oxygen gas into the deposition chamber.
Conclusion
Ti cluster assemblies have been prepared using the PGCCD system with controlling the gas flow rates: R Ar , R He and R 0 O 2 . The TEM observations indicate the following characteristics. The d m value decreases monotonically with increasing R He and fixing R Ar . These Ti cluster assemblies have an equilibrium hcp structure for d m > 15 nm, while they have a nonequilibrium fcc structure for d m < 15 nm. The critical size (d c ) of phase formation between the fcc and hcp phases is about 15 nm, being larger than the reported ones (5-7 nm). In small Ti clusters, the fcc phase formation is attributed to the increase in the negative internal pressure. When O atoms substitute Ti atom sites, the fcc Ti and defective NaCl type phases presumably coexist in small Ti clusters and only the hcp phase in large Ti clusters, where no core-shell morphology is obtained.
